Introduction
============

Osteosarcoma (OS) is the most common malignancy of bone and mainly arises in the metaphysis of the long bones in adolescents and young adults, accounting for 5% of all pediatric tumors and 8.9% of cancer-related mortalities in children ([@b1-ijo-53-04-1493],[@b2-ijo-53-04-1493]). Invasion, high malignancy, frequent relapse and metastasis are characteristics of OS. It has been reported that \>50% of patients with OS are diagnosed as suffering metastasis, leading to a low cure rate and a low 5-year survival rate ([@b3-ijo-53-04-1493]). Currently, the 5-year survival rate has risen to 60--70% due to the development of comprehensive therapies ([@b4-ijo-53-04-1493]). However, once patients develop recurrent or metastatic OS, the clinical prognosis remains poor. Importantly, the precise molecular mechanisms of the development and progression of OS remain unclear. Therefore, it is essential to investigate the pathogenesis and mechanisms of OS, which will contribute toward the development of strategies for the diagnosis, treatment and prognostic prediction of OS.

Aquaporins (AQPs) belong to a family of transmembrane water channel proteins and are expressed in multiple tissues throughout the body. Furthermore, they serve an important role in water homeostasis via regulation of cellular water transport ([@b5-ijo-53-04-1493]--[@b7-ijo-53-04-1493]). Previous reports have demonstrated that AQPs act as tumor suppressors or oncogenes, since they potentially serve critical roles in carcinogenesis, progression and the metastasis of tumors ([@b8-ijo-53-04-1493]--[@b14-ijo-53-04-1493]). However, the roles of AQPs in OS remain unknown. Therefore, there is a requirement for further research.

MicroRNAs (miRNAs/miRs) are a class of endogenous, single-stranded and small (\~22 nucleotides) non-coding RNAs that regulate the translation of their target genes by binding to complementary sequences in the 3′-untranslated region (3′UTR) of target messenger RNAs (mRNAs) ([@b15-ijo-53-04-1493]). miRNAs are major factors in the genetic network that participate in pathophysiological processes, including the initiation and progression of cancers ([@b16-ijo-53-04-1493]). Recently, accumulating evidence has suggested that miRNAs act as antti-oncogenes or oncogenes in tumorigenesis, and the aberrant regulation of miRNAs has been associated with various malignancies, including gastric cancer ([@b17-ijo-53-04-1493]), hepatocellular carcinoma ([@b18-ijo-53-04-1493]), breast cancer ([@b19-ijo-53-04-1493]) and colon cancer ([@b20-ijo-53-04-1493]). Furthermore, emerging evidence has demonstrated that miRNAs serve essential roles in controlling multiple steps of OS occurrence and development, including proliferation, apoptosis, invasion and metastasis ([@b21-ijo-53-04-1493],[@b22-ijo-53-04-1493]).

The present study demonstrated that the expression of AQP3 was markedly upregulated in OS tissues and cell lines. However, until now, the effects of AQP3 in OS have remained unclear. The present study also confirmed the significant down-regulation of miR-488 in OS tissues and cells. Upregulation of miR-488 suppressed the proliferation, invasion and EMT of OS cells. Furthermore, it was confirmed that AQP3 was one of the direct targets of miR-488 in OS. Overexpression of AQP3 blocked the effects of miR-488. Therefore, the results revealed the critical roles of miR-488 in the pathogenesis of OS and suggested its possible application in tumor treatment.

Materials and methods
=====================

Human tissue samples
--------------------

A total of 30 paired fresh surgically resected OS tissues and adjacent normal bone tissues, which were diagnosed by an independent pathologist, were collected from the Cangzhou Central Hospital (Cangzhou, China), between December 2014 and December 2016. There were 16 female and 14 male patients with OS, and the mean age was 54±6 years (range, 48--60 years). For the healthy control patients, there were 13 females and 17 males. The mean age in the healthy control patients was 51±8 years (range, 43--59 years). All samples were immediately frozen in liquid nitrogen for subsequent reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. All study procedures were approved by the Research Ethics Committee of the Cangzhou Central Hospital and written informed consent was obtained from all participants.

Cell culture
------------

Human OS MG63, HOS, SAOS2, U2OS and KHOS cell lines and the normal human osteoblastic hFOB 1.19 cell line were purchased from the American Type Culture Collection (Manassas, VA, USA), and were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% FBS, 100 U/ml penicillin (Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.) in conditions of 95% air and 5% CO~2~ at 37°C. The hFOB 1.19 cells were cultured in DMEM-F12 (Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 3% G418 disulfate solution.

Transient transfection
----------------------

The miR-488 mimics (50 nM; 5′-UUGAAAGGCUAUUUCUUGGUC-3′), miR-488 inhibitors (100 nM; 5′-GACCAAGAAAUAGCCUUUCAA-3′), negative control (NC; 50 nM; 5′-UUCUCCGAACGUGUCACGUTT-3′), siRNA for AQP3 (50 nM; sti-AQP3 sense, 5′-GGGUCGUCACUCCUUUAAUTT-3′ and antisense, 5′-AUUAAAGGAGUGACGACCCTT-3) and sti-NC (50 nM) were synthesized and purified by Shanghai GenePharma Co., Ltd. (Shanghai, China). The AQP3-overexpression plasmid was generated by inserting AQP3 cDNA into a pcDNA3.1 vector. This plasmid was sequenced and validated by Shanghai GenePharma Co., Ltd. miR-488 mimics, miR-488 inhibitors, sti-AQP3 and AQP3-overexpression plasmid were transfected using Lipofectamine^®^ 3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocols. Total RNA and protein were collected 48 h after transfection.

RNA extraction and RT-qPCR
--------------------------

Total RNA was extracted from tissues and cells using TRIzol^®^ reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. Reverse transcription was performed using the miScript Reverse Transcription kit (Qiagen GmbH, Hilden, Germany), and the QuantiTect SYBR Green RT-PCR kit (Qiagen GmbH) was used for real-time qPCR analysis using the ABI 7500 fast real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. Denaturation was performed at 94°C for 1 min, annealing at 59°C for 1 min and elongation at 72°C for 1 min for 32 cycles, followed by 72°C for 10 min. The relative expression levels of miR-488, AQP3, proliferating cell nuclear antigen (PCNA), cyclin-dependent kinase 4 (CDK4), cyclin E1, p27, matrix metalloproteinase (MMP)-2, MMP-9, TIMP metallopeptidase inhibitor 1 (TIMP-1), N-cadherin, E-cadherin and Vimentin were normalized to that of the internal controls U6 or GAPDH using the comparative delta CQ (2^−ΔΔCq^) method ([@b23-ijo-53-04-1493]). Each sample was analyzed in triplicate and the mean expression level was calculated. Primer sequences are presented in [Table I](#tI-ijo-53-04-1493){ref-type="table"}.

Cell proliferation assay
------------------------

To study the effect of miR-488 on the proliferation of OS cells, U2OS cells (10^4^/well) were seeded into a 96-well plate and incubated overnight in complete DMEM at 37°C. Following removal of the medium, cells were transfected with miR-488 mimic (50 nM) or inhibitor (100 nM) for 48 h using Lipofectamine^®^ 3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.). The bromodeoxyuridine (BrdU; colorimetric) kit (EMD Millipore, Billerica, MA, USA) was used to assess the cell proliferation, according to the manufacturer\'s protocol ([@b21-ijo-53-04-1493]).

In vitro invasion assay
-----------------------

According to a previous study ([@b24-ijo-53-04-1493]), 100 *µ*l Matrigel (BD Bioscience, Franklin Lakes, NJ, USA) was added into the upper chamber of a Transwell, and then cells (4×10^3^) were placed onto the Matrigel in serum-free fresh DMEM. Fresh DMEM supplemented with 10% FBS was added into 24-well plates as a chemoattractant. Following incubation for 24 h. The non-invasive cells that were above the surface of the membranes were removed. The invasive cells were fixed with 10% methanol for 15 min at room temperature, and then stained with 0.1% crystal violet for 20 min at room temperature. Cells were imaged in ≥5 grids per field using a phase contrast microscope (IX83; magnification, ×100; Olympus Corporation, Tokyo, Japan). Next, 30% glacial acetic acid was used to rinse the membranes. To quantify the number of invasive cells, the washing solution was examined at 540 nm. All assays were independently repeated three times. Cell invasion was quantified by counting cells on the lower surface.

Protein extraction and western blot analysis
--------------------------------------------

Transfected cells were solubilized with radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China) containing protease inhibitors (EMD Millipore). The concentration of protein was measured using a bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology). Equal amounts (50 *µ*g) of protein were separated with 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (EMD Millipore). The membranes were then blocked with 5% skimmed milk in TBST for 1 h at room temperature, followed by incubation with primary antibodies against AQP3 (cat. no. ab125219), MMP-2 (cat. no. ab37150), MMP-9 (cat. no. ab76003), TIMP-1 (cat. no. ab109125; all from Abcam, Cambridge, UK), PCNA (cat. no. 13110), CDK4 (cat. no. 12790), cyclin D1 (cat. no. 2978), p27 (cat. no. 3686), E-cadherin (cat. no. 5296), N-cadherin (cat. no. 3195) and Vimentin (cat. no. 3390; all at a dilution of 1:1,000; all from Cell Signaling Technology, Inc., Danvers, MA, USA) overnight at 4°C. Subsequently, the membranes were washed with TBST three times and probed with the corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies (cat. no. 7074 or 7076; dilution, 1:1,000; Cell Signaling Technology, Inc.) for 2 h at room temperature. Enhanced chemiluminescence reagent (Pierce; Thermo Fisher Scientific, Inc.) was used to detect the signals on the membranes.

Luciferase reporter assay
-------------------------

The online database microRNA. org predicts that miR-488 directly targets AQP3. The luciferase reporter vectors (pGL3-AQP3-3′UTR WT and pGL3-AQP3-3′UTR MUT) were synthesized by Shanghai GenePharma Co., Ltd. U2OS cells were seeded into 24-well plates and transfected with pGL3-AQP3-3′UTR WT or pGL3-AQP3-3′UTR MUT, along with miR-488 mimics or NC, using Lipofectamine^®^ 3000, according to the manufacturer\'s protocol. Following transfection for 48 h, luciferase reporter assays were performed using a dual-luciferase reporter assay system (Promega Corporation, Madison, WI, USA). The relative firefly luciferase activity was measured by normalizing to *Renilla* luciferase activity.

Statistical analysis
--------------------

The data are expressed as the mean ± standard error of the mean. Correlations between miR-488 and AQP3 mRNA levels were analyzed using Pearson\'s correlation coefficient. Multiple comparisons were performed using one-way analysis of variance followed by Tukey\'s multiple comparisons test. Other comparisons were analyzed using two-tailed Student\'s t-tests. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

High expression of AQP3 is correlated with a low level of miR-488 in OS tissues and cells
-----------------------------------------------------------------------------------------

It has been reported that AQPs, including AQP1, AQP2, AQP3, AQP4, AQP5, AQP6, AQP7 and AQP8, are associated with cancer ([@b8-ijo-53-04-1493]--[@b14-ijo-53-04-1493]). However, it remains unknown which ones serve critical roles in OS. In the present study, these eight AQP genes were detected using RT-qPCR assays in OS tissues. The data indicated that the mRNA expression of AQP3 was higher than that of other AQPs in OS tissues compared with the adjacent non-cancerous tissues ([Fig. 1A](#f1-ijo-53-04-1493){ref-type="fig"}). Furthermore, the mRNA expression level of AQP3 in 5 OS cell lines (MG63, HOS, SAOS2, U2OS and KHOS) and the human normal osteoblastic hFOB 1.19 cell line was determined. Compared with hFOB 1.19, the expression of AQP3 in U2OS cells was higher than that in the other 4 OS cell lines ([Fig. 1B](#f1-ijo-53-04-1493){ref-type="fig"}). For further study, the online database [microRNA.org](http://microRNA.org) predicted that miR-488 may directly target AQP3. Furthermore, the results of the present study confirmed that the miR-488 level in the OS tissues was markedly lower than that in the adjacent non-cancerous tissues ([Fig. 1C](#f1-ijo-53-04-1493){ref-type="fig"}). To support this result, it was also demonstrated that the miR-488 expression level was lower in U2OS cells than in the other four OS cell lines, as demonstrated in [Fig. 1D](#f1-ijo-53-04-1493){ref-type="fig"}. Therefore, U2OS cells were used in the subsequent experiments. Furthermore, Pearson\'s correlation analysis revealed a significant inverse correlation between AQP3 and miR-488 expression in OS tissues ([Fig. 1E](#f1-ijo-53-04-1493){ref-type="fig"}).

miR-488 inhibits cell proliferation in OS cells
-----------------------------------------------

RT-qPCR analysis confirmed that the miR-488 expression level was significantly increased and decreased in the miR-488 mimic and inhibitor groups compared with the NC group ([Fig. 2A](#f2-ijo-53-04-1493){ref-type="fig"}), respectively. To investigate the effect of miR-488 on OS cell proliferation, the BrdU assay demonstrated that introduction of miR-488 markedly suppressed the proliferation of U2OS cells ([Fig. 2B](#f2-ijo-53-04-1493){ref-type="fig"}). However, cell proliferation was promoted in U2OS cells transfected with miR-488 inhibitor, compared with the NC group ([Fig. 2B](#f2-ijo-53-04-1493){ref-type="fig"}).

In order to further confirm the aforementioned results, the present study investigated the effects of miR-488 on several genes involved in cell proliferation and the cell cycle. Overexpression of miR-488 decreased the mRNA expression of PCNA, CDK4 and cyclin D1, and enhanced the mRNA expression of p27 in U2OS cells ([Fig. 2C](#f2-ijo-53-04-1493){ref-type="fig"}). In addition, knockdown of miR-488 had opposite effects on the miR-488 mimic ([Fig. 2C](#f2-ijo-53-04-1493){ref-type="fig"}).

The effects of miR-488 on the invasion and epithelial-mesenchymal transition (EMT) of OS cells
----------------------------------------------------------------------------------------------

To study the effects of miR-488 on the invasion of OS cells, the invasive ability of OS cells was assessed using a Transwell assay following transfection with miR-488 mimic or inhibitor. The miR-488 mimic group illustrated that the number of invading OS cells was significantly reduced compared with the NC group ([Fig. 3A](#f3-ijo-53-04-1493){ref-type="fig"}). However, cell invasion ability in the miR-488 inhibitor group was stronger than that in the NC group ([Fig. 3A](#f3-ijo-53-04-1493){ref-type="fig"}). Next, the expression of MMP-2, MMP-9 and TIMP-1 was determined. Western blot analysis and RT-qPCR assays demonstrated that the protein and mRNA expression of MMP-2 and MMP-9 was markedly decreased, and that TIMP-1 expression was significantly increased, by overexpression of miR-488 in U2OS cells ([Fig. 3B and C](#f3-ijo-53-04-1493){ref-type="fig"}), whereas knockdown of miR-488 had the opposite effect on the expression of MMP-2, MMP-9 and TIMP-1 ([Fig. 3B and C](#f3-ijo-53-04-1493){ref-type="fig"}).

Subsequently, the effect of miR-488 on the protein and mRNA expression of EMT markers was examined in OS cells. An increased miR-488 level was able to markedly upregulate the expression of the epithelial marker E-cadherin and down-regulate the expression of mesenchymal markers, including N-cadherin and Vimentin, in U2OS cells ([Fig. 4](#f4-ijo-53-04-1493){ref-type="fig"}). However, the miR-488 inhibitor had the opposite effects on the expression of these EMT markers ([Fig. 4](#f4-ijo-53-04-1493){ref-type="fig"}). Taken together, the results of the present study suggested that miR-488 upregulation markedly inhibited the invasion and EMT of OS cells.

miR-488 directly targets the AQP3 3′UTR
---------------------------------------

According to the online database [microRNA.org](http://microRNA.org), a miR-488 binding site was identified in the 3′UTR of AQP3 ([Fig. 5A](#f5-ijo-53-04-1493){ref-type="fig"}). To validate whether AQP3 is a direct target of miR-488, luciferase plasmids containing the potential AQP3 miR-488 binding sites (WT) or a mutated AQP3 3′UTR were constructed ([Fig. 5A](#f5-ijo-53-04-1493){ref-type="fig"}). Overexpression of miR-488 inhibited WT AQP3 reporter activity, but not the activity of the mutated reporter construct in U2OS cells, demonstrating that miR-488 could specifically target the AQP3 3′-UTR by binding to the seed sequence ([Fig. 5B](#f5-ijo-53-04-1493){ref-type="fig"}). Next, the results were confirmed at the mRNA and protein levels. Introduction of miR-488 could significantly decrease the expression of AQP3, whereas knockdown of miR-488 increased the AQP3 expression in U2OS cells ([Fig. 5C](#f5-ijo-53-04-1493){ref-type="fig"}). These results indicated that miR-488 directly regulated AQP3 expression in OS cells through 3′-UTR sequence binding.

Knockdown of AQP3 inhibits the cell proliferation, invasion and EMT of OS cells
-------------------------------------------------------------------------------

To study the effects of AQP3 on OS cells, cell proliferation, invasion and EMT were determined in U2OS cells following transfection with sti-NC or sti-AQP3 for 48 h. Western blotting and RT-qPCR demonstrated that the AQP3 expression was significantly decreased in U2OS cells transfected with sti-AQP3 for 48 h, compared with the sti-NC group ([Fig. 6A](#f6-ijo-53-04-1493){ref-type="fig"}). The BrdU-ELISA assay indicated that knockdown of AQP3 could significantly suppress the proliferation of OS cells ([Fig. 6B](#f6-ijo-53-04-1493){ref-type="fig"}), and the RT-qPCR assay demonstrated that downregulation of AQP3 decreased the mRNA expression levels of PCNA, CDK4 and cyclin D1, and increased the mRNA levels of p27 ([Fig. 6C](#f6-ijo-53-04-1493){ref-type="fig"}). Transwell and ELISA assays suggested that decreased AQP3 expression inhibited the invasive ability of U2OS cells ([Fig. 6D](#f6-ijo-53-04-1493){ref-type="fig"}), markedly downregulated the expression of MMP-2 and MMP-9 ([Fig. 6E](#f6-ijo-53-04-1493){ref-type="fig"}) and upregulated TIMP-1 expression ([Fig. 6E](#f6-ijo-53-04-1493){ref-type="fig"}). Finally, knockdown of AQP3 resulted in the inhibition of EMT ([Fig. 6F](#f6-ijo-53-04-1493){ref-type="fig"}). Consequently, AQP3-silencing had similar effects on miR-488 overexpression in OS cells.

Overexpression of AQP3 markedly reverses the effects of miR-488 upregulation on the proliferation, invasion and EMT of OS cells
-------------------------------------------------------------------------------------------------------------------------------

To determine whether targeting of AQP3 by miR-488 was responsible for the inhibition of the proliferation, invasion and EMT of OS cells, an expression vector that encoded the entire AQP3 coding sequence but lacked the 3′-UTR was constructed. Firstly, overexpression of AQP3 could significantly promote the proliferation, invasion and EMT of U2OS cells, compared with the pcDNA3.1 group ([Fig. 7](#f7-ijo-53-04-1493){ref-type="fig"}). Next, this vector (pcDNA-AQP3) or its negative control (pcDNA3.1) were co-transfected with miR-488 mimic or NC into U2OS cells ([Fig. 8A](#f8-ijo-53-04-1493){ref-type="fig"}). Cell proliferation assay data demonstrated that concomitant overexpression of miR-488 and AQP3 abrogated the inhibitory effect of the miR-488 mimic ([Fig. 8B](#f8-ijo-53-04-1493){ref-type="fig"}). Meanwhile, the mRNA expression levels of PCNA, CDK4 and cyclin D1 were increased, and the mRNA expression level of p27 was decreased in miR-488-overexpressing OS cells following exogenous upregulation of AQP3 ([Fig. 8C](#f8-ijo-53-04-1493){ref-type="fig"}). Next, it was revealed that enhanced AQP3 expression partially reversed the inhibitory effect of miR-488 upregulation on the invasion of OS cells ([Fig. 8D](#f8-ijo-53-04-1493){ref-type="fig"}), upregulated the expression of MMP-2 and MMP-9 ([Fig. 8E](#f8-ijo-53-04-1493){ref-type="fig"}), and downregulated TIMP-1 expression, compared with the miR-488 mimic group ([Fig. 8E](#f8-ijo-53-04-1493){ref-type="fig"}). Furthermore, overexpression of AQP3 promoted the EMT of U2OS cells transfected with miR-488 mimic ([Fig. 8F](#f8-ijo-53-04-1493){ref-type="fig"}). Therefore, the inhibitory effects of miR-488 were partially reversed by AQP3 overexpression. Taken together, the results of the present study demonstrated that miR-488 suppressed the cell proliferation, invasion and EMT of OS cells by directly decreasing AQP3 expression, and the targeting of AQP3 by miR-488 was responsible for inhibiting the proliferation, invasion and EMT of OS cells ([Fig. 9](#f9-ijo-53-04-1493){ref-type="fig"}).

Discussion
==========

OS is the most common primary bone malignancy. Until now, radiotherapy, combinatorial chemotherapy and curative resection of the primary tumor have been routinely used to treat patients with OS, contributing toward an improvement in the 5-year survival rate to \~60--70%. However, numerous patients with OS continue to experience local relapse or distant metastasis following surgery and intensive chemotherapy ([@b25-ijo-53-04-1493]). Therefore, there is an urgent requirement to identify biomarkers, and clarify the precise mechanisms and confirm the therapeutic targets of OS. In the present study, the expression of AQP3 was highest among the eight AQPs in OS tissues compared with those in non-cancerous tissues. Several independent studies have reported that AQP3 expression is associated with a number of cancer types ([@b26-ijo-53-04-1493]--[@b35-ijo-53-04-1493]). However, the effects of AQP3 on OS remain poorly understood.

miRNAs serve crucial roles in regulating multiple target mRNAs by degrading or inhibiting the translation of mRNAs. Increasing evidence has demonstrated that miRNAs serve a critical role in modulating genes during the development, progression and metastasis of cancer ([@b36-ijo-53-04-1493],[@b37-ijo-53-04-1493]). Previous studies have demonstrated that the biological activities of diverse miRNAs promote the invasion and metastasis of OS cells. Therefore, specific miRNAs that have been confirmed to be of functional and clinical importance may provide an effective therapy for OS. Previous studies have demonstrated that miR-488 serves a tumor suppressive role in several types of cancer, including prostate carcinoma ([@b38-ijo-53-04-1493]), ovarian cancer ([@b39-ijo-53-04-1493]), colorectal cancer ([@b40-ijo-53-04-1493]), hepatocellular carcinoma ([@b41-ijo-53-04-1493]), non-small-cell lung cancer ([@b42-ijo-53-04-1493]) and gastric cancer ([@b43-ijo-53-04-1493]). To the best of our knowledge, the present study was the first to demonstrate that the level of miR-488 was significantly downregulated in OS tissues and cells. In order to test the biological function of miR-488 in OS, miR-488 was overexpressed or knocked down in U2OS cells by transfecting them with miR-488 mimics or inhibitors, respectively. It was demonstrated that miR-488 overexpression significantly inhibited the proliferation of OS cells. To confirm this result, the present study revealed that the introduction of miR-488 decreased the mRNA expression levels of PCNA, CDK4 and cyclin D1, and increased the mRNA expression levels of p27 in OS cells. Furthermore, knockdown of miR-488 markedly promoted the proliferation of OS cells.

Invasion is one process of metastasis. The results of the present study demonstrated that the upregulation or down-regulation of miR-488 significantly inhibited or promoted the invasive ability of U2OS cells, respectively, compared with the NC group. Furthermore, the degradation of extracellular matrix (ECM) components by proteolytic enzymes is crucial for the invasion of cancer cells ([@b44-ijo-53-04-1493]) and the process of MMPs degrading the ECM is associated with the invasion, metastasis and angiogenesis of cancer cells ([@b45-ijo-53-04-1493]--[@b47-ijo-53-04-1493]). In particular, MMP-2 and MMP-9 are responsible for the invasion and EMT of malignant tumors, by degrading components of the basement membrane ([@b46-ijo-53-04-1493],[@b48-ijo-53-04-1493],[@b49-ijo-53-04-1493]). It was demonstrated that the expression of MMP-2 and MMP-9 was significantly decreased in U2OS cells following transfection with miR-488 mimics, whereas the miR-488 inhibitor markedly enhanced MMP-2 and MMP-9 expression. TIMPs bind to and inhibit enzymatically active MMPs, and the imbalance between MMPs and TIMPs is of critical importance in the early events of tumor progression ([@b50-ijo-53-04-1493]). In addition, the EMT process is another key molecular step in the process of distant metastasis. EMT can cause cancer cells to gain invasive properties and metastatic growth characteristics, and its activation is observed in numerous types of cancer, including glioma ([@b51-ijo-53-04-1493],[@b52-ijo-53-04-1493]). Associated molecules, including E-cadherin, N-cadherin, Vimentin, Fibronectin and β-catenin, have been confirmed to be markers of EMT ([@b53-ijo-53-04-1493]). Following transfection with miR-488 mimic or inhibitor, the changes in EMT markers were assessed in U2OS cells. The results demonstrated that the introduction of miR-488 markedly upregulated E-cadherin expression, and decreased Vimentin and N-cadherin expression. Taken together, the results of the present study suggested that an increased miR-488 level inhibited the invasion and EMT of OS cells, potentially leading to suppressed metastasis of OS.

AQP3 belongs to the AQP family and activates multiple intracellular signaling pathways, contributing toward increased cell proliferation, migration, invasion and EMT. High levels of AQP3 have been observed in gastric cancer ([@b26-ijo-53-04-1493]), esophageal and oral squamous cell carcinoma ([@b27-ijo-53-04-1493]), non-small cell lung cancer ([@b28-ijo-53-04-1493]), colon cancer ([@b29-ijo-53-04-1493]), breast cancer ([@b30-ijo-53-04-1493]), hepatocellular carcinoma ([@b31-ijo-53-04-1493]), pancreatic cancer ([@b32-ijo-53-04-1493]), lung cancer ([@b33-ijo-53-04-1493]), prostate cancer ([@b34-ijo-53-04-1493]) and pancreatic ductal adenocarcinoma ([@b35-ijo-53-04-1493]). However, the expression profile and potential role of AQP3 in OS remains to be investigated. Only one miRNA has been reported to inhibit cancer cells by targeting AQP3 ([@b54-ijo-53-04-1493]). miR-874 has been identified to inhibit AQP3 expression in gastric cancer cells ([@b54-ijo-53-04-1493]). However, no studies have demonstrated the association between miR-488 and AQP3 in OS. The results of the present study demonstrated that the overexpression of miR-488 reduced the expression of AQP3 and inhibited cancerous signals, including proliferation, invasion and EMT. This effect was replicated by the knockdown of AQP3 in U2OS cells. Furthermore, restoration of AQP3 reversed the inhibitory effects of miR-488, indicating that miR-488 inhibited the proliferation, invasion and EMT of OS cells through regulation of AQP3, and that AQP3 may serve critical roles in the progression and metastasis of OS.

In conclusion, the results of the present study have demonstrated that the expression of AQP3 was the highest among several AQPs and that the miR-488 level was markedly down-regulated in OS tissues. Overexpression of miR-488 inhibited the proliferation, invasion and EMT of OS cells by directly downregulating AQP3 expression. Therefore, the present study provided functional evidence that fully supports the hypothesis that miR-488 and AQP3 are prognostic factors for OS.
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![Expression of AQP3 and miR-488 in OS tissues and cell lines. (A) RT-qPCR analysis of AQP3 expression in OS tissues and adjacent normal bone tissues (n=6). Transcript levels were normalized to GAPDH expression. (B) Relative AQP3 expression was analyzed by RT-qPCR in 5 OS cell lines was normalized to GAPDH (n=6). (C) RT-qPCR analysis of miR-488 expression in OS tissues and adjacent normal bone tissues. Transcript levels were normalized to U6. (D) Relative miR-488 expression was analyzed by RT-qPCR in 5 OS cell lines was normalized to U6 (n=6). (E) Pearson\'s correlation analysis of the relative expression levels of miR-488 and the relative AQP3 mRNA expression levels in OS tissues. All data are presented as the mean ± standard error of the mean. ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*^P\<0.001 vs. normal tissues or hFOB 1.19. AQP3, aquaporin 3; miR, microRNA; OS, osteosarcoma; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.](IJO-53-04-1493-g00){#f1-ijo-53-04-1493}

![Effects of miR-488 on proliferation and the expression of cell cycle-related genes in OS cells. U2OS cells were transfected with miR-488 mimic or inhibitor for 48 h. (A) The level of miR-488 in U2OS cells was determined by RT-qPCR. (B) Cell proliferation was assessed by BrdU-ELISA assay. (C) The protein and mRNA expression of PCNA, CDK4, cyclin D1 and p27 were determined by western blot analysis and RT-qPCR, respectively. All data are presented as the mean ± standard error of the mean, n=6. ^\#^P\<0.05, ^\#\#^P\<0.01, ^\#\#\#^P\<0.001 vs. miR-NC or antti-miR-NC. The inhibitor NC, antti-miR-NC. miR, microRNA; OS, osteosarcoma; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; PCNA, proliferating cell nuclear antigen; CDK4, cyclin-dependent kinase 4; BrdU, bromodeoxyuridine; NC, negative control; OD, optical density.](IJO-53-04-1493-g01){#f2-ijo-53-04-1493}

![Effects of miR-488 on invasion and associated molecules in osteosarcoma cells. U2OS cells were transfected with miR-488 mimic or inhibitor for 48 h. (A) The invasion was assessed by Transwell assay. (B) Protein and mRNA expression of MMP-2, MMP-9 and TIMP-1 was determined by western blot analysis and reverse transcription-quantitative polymerase chain reaction, respectively. All data are presented as the mean ± standard error of the mean, n=6. ^\#\#^P\<0.01, ^\#\#\#^P\<0.001 vs. miR-NC or antti-miR-NC. The inhibitor NC, anti-miR-NC; miR, microRNA; NC, negative control; MMP, matrix metalloproteinase; TIMP, TIMP metallopeptidase inhibitor; OD, optical density.](IJO-53-04-1493-g02){#f3-ijo-53-04-1493}

![Effects of miR-488 on the expression of epithelial-mesenchymal transition-associated molecules in osteosarcoma cells. U2OS cells were transfected with miR-488 mimic or inhibitor for 48 h. The protein and mRNA expression of E-cadherin, N-cadherin and Vimentin were determined by western blot analysis and reverse transcription-quantitative polymerase chain reaction, respectively. All data are presented as the mean ± standard error of the mean, n=6. ^\#^P\<0.05, ^\#\#^P\<0.01 vs. miR-NC or antti-miR-NC. The inhibitor NC, antti-miR-NC; miR, microRNA; NC, negative control.](IJO-53-04-1493-g03){#f4-ijo-53-04-1493}

![AQP3 was a direct target of miR-488. U2OS cells were transfected with miR-488 mimic or inhibitor for 48 h. (A) Schematic representation of AQP3 3′-UTRs exhibiting a putative miRNA target site. (B) The analysis of the relative luciferase activities of AQP3-WT and AQP3-MUT. (C) The protein and mRNA expression of AQP3 was determined by western blot analysis and reverse transcription-quantitative polymerase chain reaction, respectively. All data are presented as the mean ± standard error of the mean, n=6. ^\#\#^P\<0.01 vs. miR-NC or antti-miR-NC. The inhibitor NC, antti-miR-NC; AQP3, aquaporin 3; WT, wild-type; MUT, mutant; UTR, untranslated region; NC, negative control.](IJO-53-04-1493-g04){#f5-ijo-53-04-1493}

![The effects of AQP3-silencing on the proliferation, invasion and epithelial-mesenchymal transition of osteosarcoma cells. U2OS cells were trans-fected with sti-AQP3 or sti-NC. (A) The protein and mRNA expression of AQP3 was determined by western blot analysis and RT-qPCR, respectively. (B) Cell proliferation was assessed using a BrdU-ELISA assay. (C) The mRNA expression of PCNA, CDK4, cyclin D1 and p27 was determined by RT-qPCR. (D) Invasion was assessed using a Transwell assay. (E) Protein expression of MMP-2, MMP-9 and TIMP-1 was detected by western blot analysis. (F) The expression of E-cadherin, N-cadherin and Vimentin was determined by western blot analysis. All data are presented as the mean ± standard error of the mean, n=6. ^\#\#^P\<0.01 vs. sti-NC. AQP3, aquaporin 3; si, small interfering RNA; NC, negative control; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; BrdU, bromodeoxyuridine; PCNA, proliferating cell nuclear antigen; CDK4, cyclin-dependent kinase 4; MMP, matrix metalloproteinase; TIMP, TIMP metallopeptidase inhibitor; OD, optical density.](IJO-53-04-1493-g05){#f6-ijo-53-04-1493}

![Overexpression of AQP3 promotes cell proliferation, invasion and epithelial-mesenchymal transition in osteosarcoma cells. U2OS cells were transfected with pcDNA3.1 or pcDNA-AQP3 vector. (A) Cell proliferation was assessed using a BrdU-ELISA assay. (B) Invasion was assessed using a Transwell assay. (C) The expression of E-cadherin, N-cadherin and Vimentin was determined by western blot analysis. All data are presented as the mean ± standard error of the mean, n=6. ^\#^P\<0.05, ^\#\#^P\<0.01 vs. pcDNA3.1. AQP3, aquaporin 3; BrdU, bromodeoxyuridine; OD, optical density.](IJO-53-04-1493-g06){#f7-ijo-53-04-1493}

![Overexpression of AQP3 partially promotes cell proliferation, invasion and epithelial-mesenchymal transition in miR-488-overexpressing osteosarcoma cells. U2OS cells were transfected with either miR-488 mimic with or without pcDNA-AQP3 vector. (A) The protein and mRNA expression of AQP3 was determined by western blot analysis and RT-qPCR, respectively. (B) Cell proliferation was assessed using a BrdU-ELISA assay. (C) The mRNA expression of PCNA, CDK4, cyclin D1 and p27 was determined by RT-qPCR. (D) Invasion was assessed using a Transwell assay. (E) Protein expression of MMP-2, MMP-9 and TIMP-1 was detected by western blot analysis. (F) The expression of E-cadherin, N-cadherin and Vimentin was determined by western blot analysis. All data are presented as the mean ± standard error of the mean, n=6. ^\#\#^P\<0.01, ^\#\#\#^P\<0.001 vs. pcDNA + miR-448 mimic. AQP3, aquaporin 3; miR, microRNA; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; OD, optical density; BrdU, bromodeoxyuridine; PCNA, proliferating cell nuclear antigen; CDK4, cyclin-dependent kinase 4; MMP, matrix metalloproteinase; TIMP, TIMP metallopeptidase inhibitor.](IJO-53-04-1493-g07){#f8-ijo-53-04-1493}

![A schematic figure showing miR-488 regulation of AQP3 and subsequent changes in cell cycle progression, cell invasion and EMT. miR, micro RNA; AQP3, aquaporin 3; EMT, epithelial-mesenchymal transition.](IJO-53-04-1493-g08){#f9-ijo-53-04-1493}

###### 

Primer sequences for reverse transcription-quantitative polymerase chain reaction.

  Gene                               Primer sequence
  ---------------------------------- -----------------------------------
  AQP1                               F: 5′-CTGGGCATCGAGATCATCGG-3′
  R: 5′-ATCCCACAGCCAGTGTAGTCA-3′     
  AQP2                               F: 5′-GCTCCGCTCCATAGCCTTC-3′
  R: 5′-GGGTGCCAATACCCAAGCC-3′       
  AQP3                               F: 5′-GGGGAGATGCTCCACATCC-3′
  R: 5′-AAAGGCCAGGTTGATGGTGAG-3′     
  AQP4                               F: 5′-AGCAGTCACAGCGGAATTTCT-3′
  R: 5′-TCTGTTCCACCCCAGTTGATG-3′     
  AQP5                               F: 5′-CGGGCTTTCTTCTACGTGG-3′
  R: 5′-GCTGGAAGGTCAGAATCAGCTC-3′    
  AQP6                               F: 5′-TCTCTGGCCGTTACGATAGC-3′
  R: 5′-CGTCCAACGATGCACATGG-3′       
  AQP7                               F: 5′-ACCCGTGGCTCCAAAATGG-3′
  R: 5′-GGAACCAAGGCCGAATACCA-3′      
  AQP8                               F: 5′-GCGAGTGTCCTGGTACGAAC-3′
  R: 5′-CAGGCACCCGATGAAGATGAA-3′     
  PCNA                               F: 5′-CCTGCTGGGATATTAGCTCCA-3′
  R: 5′-CAGCGGTAGGTGTCGAAGC-3′       
  CDK4                               F: 5′-GGGGACCTAGAGCAACTTACT-3′
  R: 5′-CAGCGCAGTCCTTCCAAAT-3′       
  Cyclin D1                          F: 5′-GCTGCGAAGTGGAAACCATC-3′
  R: 5′-CCTCCTTCTGCACACATTTGAA-3′    
  p27                                F: 5′-AACGTGCGAGTGTCTAACGG-3′
  R: 5′-CCCTCTAGGGGTTTGTGATTCT-3′    
  E-cadherin                         F: 5′-TACACTGCCCAGGAGCCAGA-3′
  R: 5′-TGGCACCAGTGTCCGGATTA-3′      
  N-cadherin                         F: 5′-TCAGGCGTCTGTAGAGGCTT-3′
  R: 5′-ATGCACATCCTTCGATAAGACTG-3′   
  Vimentin                           F: 5′-GACGCCATCAACACCGAGTT-3′
  R: 5′-CTTTGTCGTTGGTTAGCTGGT-3′     
  U6                                 F: 5′-CTCGCTTCGGCAGCACA-3′
  F: 5′-AACGCTTCACGAATTTGCGT-3′      
  GAPDH                              F: 5′-GAGTCAACGGATTTGGTCGTATTG-3′
  R: 5′-CCTGGAAGATGGTGATGGGATT-3′    

AQP, aquaporin; PCNA, proliferating cell nuclear antigen; CDK4, cyclin-dependent kinase 4.
